On Magnetic Interlayer Coupling and Proximity Effect in a Lao erCao ssMnOsClO 

nm)/YBa2Cu3O7(10 nm) Superlattice 
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We present a study of interlayer coupling and proximity effects in a Lao.esCao.ssMnOaClO 
nm)/YBa2Cu3O7(10 nm) superlattice. Using element- sensitive x-ray probes, the magnetic state of Mn can 
be probed without seeing the strong diamagnetism of the superconductor, which makes this approach ideal to 
study changes in the magnetic properties across the superconducting transition. By a combined experiment us- 
ing in situ transport measurements during polarized soft x-ray measurements, we were able to see no noticeable 
influence of the superconducting state on the magnetic properties and no evidence for magnetic coupling across 
a 10 nm YBCO layer. 



Artificial tailor-made superlattices (SL) composed of al- 
ternating layers with mutually antagonistic order parame- 
ters have become an important test-ground for exploration 
of novel quantum states and unusual physical phenomena 
fill. For the case of ferromagnetic(FM)/superconducting(SC) 
junctions, there has been a tremendous amount of work on 
proximity effects to understand effects of coupling between 
the FM and SC order parameters (see Ref.||^[3t] and references 
therein). It has been predicted that the presence of a SC layer 
next to the ferromagnet causes a suppression of the magnetic 
order, while the FM induces a small magnetic moment in the 
SC layer. This problem has two natural lengthscales, namely, 
the effect of magnetism in the SC is determined by the su- 
perconducting coherence length (^s) whereas the behavior of 
superelectrons in the in the FM is determined by the electron 
diffusion constant of the FM (^/). Recently theoretical ef- 
fort has been devoted to the interesting case of half-metallic 
FM/high-temperature SC interfaces 1 4] with particular atten- 
tion to the most representative materials for each class, i.e. 
Lao.yCao.aMnOa (LCMO) and YBasCuaOr (YBCO). 

Several groups have attempted experimental tests of the 
theory by studying c-axis-grown superlattices composed of 
YBCO and LCMO layers. In recent extensive studies, Se- 
frioui et al. and Pena et al. concluded that leakage of mag- 
netism into the YBCO layer was small due to the short SC 
coherence length along the c-dxis (<1 nm) and attributed 
a strong suppression of the magnetic order in the LCMO 
layer to a long range proximity effect fs', On the other 
hand, Senapati and Budhani reported a non-oscillatory anti- 
ferromagnetic coupling across the YBCO layer in both the 
normal and superconducting state |7]. These results are un- 
expected and still unexplained theoretically. A number of 
phenomenological models have been proposed to account for 
the long-range proximity effect including the formation of 
zero-energy bound states which may dominate the SC/FM 
transport|8], penetration of SC pairs into the half-metallic FM 
layer through the domain walls where the exchange field is 
considerably reduced iK], and by virtue of the penetration 
of SC triplet correlations into the FM layer[l,2]. However, 
none of the models could completely account for the observed 
proximity phenomena. Hence, microscopic measurements on 
FM/SC SLs with enhanced sensitivity to magnetism at the 



nanoscale are required. 
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FIG. 1 : (Top) Absorption and XMCD measured at the Mn L3 edge at 
T = 65 K. Inset shows the 4-point transport geometry for simultane- 
ous measurement of x-ray interactions and sample resistance. (Bot- 
tom) Scattering and XRMS measured near the (003) Bragg peak (in- 
cidence angle '--^ 1 1 deg.). 

In this letter, we present results from chemical element- 
sensitive x-ray measurements of the magnetic properties of 
a representative Lao.66Cao.33Mn03(10 nm)/YBa2Cu3O7(10 
nm) superlattice. Since the x-ray probe is not affected by the 
diamagnetism of the superconductor, this technique is well 
suited to investigate the interlayer coupling and proximity ef- 
fect across the superconducting transition. In a combined ex- 
periment, in situ transport probes were obtained concomitant 
with x-ray magnetic circular dichroism (XMCD) and x-ray 
resonant magnetic scattering (XRMS) spectra taken at the L3.2 
Mn edges. We concluded that there was no noticeable influ- 



2 



ence of the superconducting order parameter on the magnetic 
properties and no evidence for a magnetic coupHng across a 

10 nm thick YBCO layer. 

The microscopic magnetic properties of the superlattices 
were studied by polarized x-ray techniques at beamline 4-lD- 
C of the Advanced Photon Source iflOll . The experimental 
configuration allows for simultaneous measurement of res- 
onant x-ray absorption and scattering by switching the po- 
larization between left-circular polarization (LCP) and right- 
circular polarization (RCP). The sum (1+H-I^) of these sig- 
nals provides information on the electronic environment of 
the Mn 3 c? electrons while magnetic information is contained 
in the difference (l"*"-!"), which are x-ray magnetic circular 
dichroism (XMCD) ifTTIl and x-ray resonant magnetic scatter- 
ing(XRMS) lllITjl, respectively (see Fig.[T])- The data were 
obtained simultaneously in two complimentary modes charac- 
terized by the very different depth sensitivity. Measurements 
of absorption by monitoring the photocurrent due to escap- 
ing electrons, referred to as total electron yield (TEY), probe 
primarily the magnetic order in the top LCMO layer and in 
the vicinity of the first interface of the superlattice. Unlike 
TEY, XRMS is more bulk sensitive and is able to deliver in- 
formation from several interfaces. Moreover, since the XRMS 
signal is directly proportional to the sample magnetization, 
scattering was used to obtain the magneto-optical hysteresis 
loops. For these measurements, the sample angle was tuned 
to near the (003) superlattice Bragg peak (incidence angle ~ 

1 1 deg.), which, according our XRMS computer simulations, 
is sensitive to the magnetization averaged over several super- 
lattice repeats. 
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FIG. 2: (Top) Magnetic hysteresis measured across the supercon- 
ducting transition. (Bottom) X-ray resonant magnetic scattering at 
the Mn L3 edge above and below the superconducting transition. 



To measure the sample resistance we attached indium con- 
tacts arranged in a 4-point geometry (see Fig. [T]!. Using 
a current of 10 /iA, we were able to collect in situ trans- 
port data simultaneously with x-ray data at each temperature 
point. Aside from a small current offset, the transport cur- 
rent showed no observable effect on the measurement of the 
TEY via the sample drain current. Samples were grown using 
pulsed laser deposition (PLD) on 5x5x0.5 mm'^ SrTiOa (001) 
substrates lUltllS. Their high quality was confirmed by 
x-ray diffraction, which showed epitaxial growth with the c- 
axis along (001). Resistivity and superconducting quantum 
interference device (SQUID) magnetization measurements re- 
vealed a FM transition at T„iag ~180K and a superconducting 
transition at Tsc = 75K. This is close to the transition temper- 
ature of the target material indicating good valency transfer. 

First we discuss the effect of interlayer coupling. It is well 
known that in the case of metallic superlattices, the most pro- 
nounced manifestation of the interlayer coupling is its effect 
on the magnetization reversal. If the film possesses strong 
antiferromagnetic (AFM) coupling, then pronounced plateaus 
will appear in the hysteresis loop when the magnetic moments 
of the layers are antiparallel, which, for an even number of 
equivalent layers, would result in a zero magnetization state. 
The top panel of Figure |2] shows the hysteresis loops taken at 
the Mn edge across the superconducting transition. As seen, 
the loops are consistent with uniform layer reversal. There 
are only minor differences with increasing temperature which 
are due to the monotonic temperature dependence of hystere- 
sis expected in any ferromagnetic material. The slight asym- 
metry of the loops results from interference of the scattered 
x-rays and is not related to an asymmetry in the magnetic re- 
versal. Together with the extracted magnetic coercivity in the 
top panel of Fig. [3] the absence of discontinuous behavior at 
Tgc clearly indicates the lack of an abrupt change which oth- 
erwise would be present if there were significant coupling be- 
tween the two LCMO layers across the YBCO spacer. 

Now we turn our attention to the long-range effects of su- 
perelectrons on the FM layer. To search for evidence of the 
superconducting proximity effect inside the LCMO layer, we 
examined the behavior of the remanent magnetization in the 
top LCMO layer after field cooling in an applied field of H 
= H-500 Oe (see Fig. O. Theoretically it has been suggested 
that below Tgc leakage of superconductivity into the LCMO 
layer results in a suppression of the magnetization in the in- 
terface region, which is recovered with the loss of coherence 
upon heating above T^c- The data in the bottom panel of Fig. [3] 
show no discontinuity at the superconducting transition tem- 
perature and are hence inconsistent with this scenario. In ap- 
plied magnetic fields, we measured XMCD signals of ^ 35% 
even in the superconducting state, which is close to the value 
measured on a 10-nm LCMO thin film, indicating very little 
suppression of the magnetism in LCMO in the FM/SC super- 
lattice. 

To further verify this, we probed the magnetization pro- 
file by measuring the energy-dependent XRMS near the (003) 
Bragg reflection (see bottom panel of Fig. |2]i. Our previous 
work has shown that the line shape of the energy dependence 
can be directly connected to the magnetic profile across the su- 
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FIG. 3: (Top) Temperature dependence of sample resistance and 
magnetic coercivity across the superconducting transition. (Bottom) 
Temperature dependence of sample resistance and remanent XMCD 
signal across the superconducting transition. 

perlattice iflTifTsll . As evident from the bottom panel in Fig. 
|2]the only change in the lineshape across the superconduct- 
ing transition is a slight decrease in overall amplitude due to a 
drop in the sample magnetization as the transition temperature 
is approached. From this we conclude that there is no change 
in the magnetization profile across the LCMO layer Recent 
measurements of a magnetization profile in YBCO/LCMO 
by neutron reflectivity do show a reduced LCMO magneti- 
zation in the interface region, but this persists even above Tgc 



lll6ll . This is not necessarily a consequence of the presence of 
YBCO, but may rather be due to the fragile nature of magnetic 
order at manganite interfaces ifisll . 

To explain these results we refer our previous micro- 
scopic investigation of the magnetism at the interface between 
YBCO and LCMO. A combination of diffuse neutron reflec- 
tivity and x-ray absorption revealed the reduced magnetic mo- 
ment on Mn and the presence of a net magnetic moment on 
Cu, which was largely attributed to the substantially rnodified 
atomic and electronic structure at the interface lfl6[IT9ll . More 
specifically, because Cu chains at the YBCO/LCMO interface 
are missing ll20ll and because the chains are the charge reser- 
voir essential for superconductivity, the truncated first unit cell 
is likely non-superconducting and in the AFM state. Coupling 
to the ferromagnetic LCMO at the interface cants the spins in 
this layer to result in the non-zero XMCD seen for Cu lfl9ll . 
This in turn serves to reduce the direct coupling of the super- 
conducting regions in the YBCO layer with the LCMO layer 
Due to the short c-axis coherence length, it would be hard to 
transfer the superconducting state into the LCMO across the 
magnetic region in the YBCO. Even if this were possible, a 
short ~ 0.2nm is expected from the measured Fermi ve- 
locity of LCMO (H . 

To summarize, we have reported the chemically sensitive 
soft x-ray XMCD measurements of the magnetic properties of 
YBCO(10 nm)/LCMO(10 nm) superlattices correlated with in 
situ transport measurements. The magnetic data taken at the 
L3.2 Mn edge show the absence of any substantial changes 
around the superconducting transition and thus exclude a con- 
ventional microscopic coupling between the YBCO layers 
through the LCMO spacer Measurements of the magneti- 
zation reversal show only coherent rotation of the layers and 
no sign of strong magnetic coupling across the 10 nm thick 
YBCO layer. 
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